Background: Low-level laser therapy (LLLT) or photobiomodulation (PBM) is a possible treatment for brain injury, including traumatic brain injury (TBI). Methods: We review the fundamental mechanisms at the cellular and molecular level and the effects on the brain are discussed. There are several contributing processes that have been proposed to lead to the beneficial effects of PBM in treating TBI such as stimulation of neurogenesis, a decrease in inflammation, and neuroprotection. Both animal and clinical trials for ischemic stroke are outlined. A number of articles have shown how transcranial LLLT (tLLLT) is effective at increasing memory, learning, and the overall neurological performance in rodent models with TBI. Results: Our laboratory has conducted three different studies on the effects of tLLLT on mice with TBI. The first studied pulsed against continuous laser irradiation, finding that 10 Hz pulsed was the best. The second compared four different wavelengths, discovering only 660 and 810 nm to have any effectiveness, whereas 732 and 980 nm did not. The third looked at varying regimens of daily laser treatments (1, 3, and 14 days) and found that 14 laser applications was excessive. We also review several studies of the effects of tLLLT on neuroprogenitor cells, brain-derived neurotrophic factor and synaptogenesis, immediate early response knockout mice, and tLLLT in combination therapy with metabolic inhibitors. Conclusions: Finally, some clinical studies in TBI patients are covered.
Introduction
T raumatic brain injury (TBI) can include skull fracture, intracranial hemorrhage, elevated intracranial pressure, and/or cerebral contusion. Unlike stroke, the prevalence of which is tied with an increasing age of onset, TBI is much more common in younger populations. Not only does TBI have a large impact on the healthcare industry but also causes severe socioeconomic problems throughout the world. Every year in the United States, there are nearly 2 million head injuries resulting in 283,000 hospitalizations, 53,000 of which lead to death. [1] [2] [3] Consequently, Americans living with TBI-related disabilities cost an estimated $56 billion yearly. 4 In 2001, the World Health Organization (WHO) projected that within 5 years, motor vehicle accidents, one of the largest causes of TBI, would be ranked just behind ischemic heart disease and unipolar major depression as a cause of morbidity and mortality. 5 Although the understanding of the pathophysiology underlying the damage following severe brain injury has improved, current treatment options remain limited. 6 The processes and mechanisms that underlie TBI are incredibly complex and are still not well understood. After the initial impact, multiple pathways are activated that result in secondary injury, which can spread throughout the brain. These injury processes may include inflammation, an ionic imbalance, excitotoxic damage, oxidative stress, increased vascular permeability, and mitochondrial dysfunction. 7 In turn, these secondary injuries result in brain edema and an increase in intracranial pressure. These physiological changes and disruptions cause neuronal death and a spread of ischemic necrosis, while worsening motor and cognitive impairment follows. Researchers and clinicians should prioritize efforts to improve the outcome and treatment options for TBI patients. 8 Recently, transcranial low-level laser therapy (tLLLT) or photobiomodulation (PBM) has garnered a greater interest as an alternative to existing approaches to treat TBI as the search for conventional therapeutic treatments has been relatively unsuccessful. There are a number of articles showing the beneficial effects of tLLLT such as reducing brain damage and recovery times in stroke models. These promising results may soon lead to tLLLT becoming a more widely used treatment for TBI.
Mechanisms of tLLLT
The discussion of tLLLT has moved past its biological effects into a search for how light energy-specifically from lasers or light-emitting diodes (LED)-works at the cellular and organism levels. With a wide range of different applications of LLLT, it is necessary to find and understand the optimal parameters for each. Heat absorption, one of several unlikely mechanistic explanations for tLLLT, is closely tied to the use of lasers, but because the lasers used in tLLLT do not meaningfully raise brain temperature, photothermal effects from light energy do not play a significant role in explaining the benefits of tLLLT. Rather, photochemistry is becoming the accepted hypothesis for explaining the biological effects of light absorption in cells and tissues. 9 These effects rely on the absorption of light by chromophores within cells to produce the many biological effects such as an increase of adenosine triphosphate (ATP), DNA, and RNA, release of nitric oxide (NO), cytochrome c oxidase (CCO) activity, a regulation of reactive oxygen species (ROS), and changes to the organelle membrane activity in mitochondria. [10] [11] [12] [13] [14] In order for the photons to effectively reach their target area, the penetration of light through the tissue must be maximized by choosing an appropriate wavelength. This ''optical window'' ranges from 600 nm to 1200 nm, involving almost exclusively, red and nearinfrared (NIR) light. 15 Mitochondria are the most important cellular organelles to study, when trying to understand the cellular response of LLLT. Conventionally known as the ''powerhouse of the cell,'' mitochondria not only supply the cell with energy but are also involved in cellular signaling, cell differentiation, cell death, along with cellular metabolism and proliferation. Complex IV on the mitochondrial inner membrane, or CCO, is considered to be the crucial chromophore in the cellular response to LLLT as shown by the action spectra (a plot of the rate of the physiological activity plotted against wavelength of light). 16, 17 CCO is a large protein complex with two copper and two iron centers. 18 The way in which light interacts and ultimately affects CCO is not precisely known, but will certainly involve a complex series of interactions that will result in a change in redox states. LLLT produces a shift toward higher oxidation in the overall cell redox potential 11, 17 and briefly increases the level of ROS. 19, 20 This change in the redox state of the mitochondria regulates several transcription factors. These include redox factor-1 (Ref-1), cAMP response element (CREB), activator protein 1 (AP-1), p53, nuclear factor kappa B (NF-jB), hypoxiainducible factor (HIF-1), and HIF-like factor. The activation and regulation of redox-sensitive genes and transcription factors are thought to be caused by ROS induced from LLLT. 19 An important feature of LLLT is its biphasic doseresponse curve. 21, 22 This can be explained in other terms: a small amount of light can be good, more may lose the beneficial effect, and too much light may be harmful. This effect can be explained by two of the LLLT signaling mediators, ROS 12 and NO. 14 Both of these species can have positive effects at low concentration, but can have adverse effects at a high concentration. tLLLT may cause a separation (photodissociation) between NO and CCO. 13, 23 Normally, cellular respiration is downregulated when NO binds with CCO and inhibits it from binding to the Fe and Cu centers. The NO displaces the oxygen from CCO, thus decreasing cellular respiration and decreasing the production rate of ATP. 10 Therefore, by breaking NO from CCO, LLLT is able to prevent this inhibition from occurring. In turn, both ATP levels and blood flow increase (NO is a vasodilator). 24 With an increase in blood flow, improved oxygenation is found in damaged areas of the brain. Figure 1 depicts the molecular mechanisms and signaling pathways that are thought to occur post-LLLT.
When using LLLT as a method to treat disorders of the brain, more specific mechanisms need to be closely examined. Brain-specific functional mechanisms of tLLLT for TBI are illustrated in Fig. 2 . The cytoprotective effects of LLLT are thought to prevent injured neurons from dying and reduce the number of neuronal cells undergoing death as has been shown for toxins such as cyanide, 25 tetrodotoxin, 26 and methanol. 27 This protective effect may include several mediators such as Bcl2, heat shock proteins, 28 survivin, 29 and superoxide dismutase. 30 The decrease of proinflammatory mediators from dendritic cells 31 along with the increase in anti-inflammatory mediators [interleukin (IL)-10 and transforming growth factor b]
32 is thought to cause the anti-inflammatory effect of LLLT. 33, 34 Last, neurogenesis and neuroplasticity (synaptogenesis) may both be other mechanisms that contribute to the beneficial effects of tLLLT in the brain. 35 These processes are initiated by the increase in neurotrophin expression as in brain-derived neurotrophic factor (BDNF) and nerve growth factor.
tLLLT for Stroke and TBI Apart from ischemic heart disease, stroke is the leading cause of death worldwide. The approved treatment for stroke is to apply tissue plasminogen activator within 3 h of stroke onset. 36, 37 Although this method is very effective at clearing blood clots, the small time window that exists for effective treatment diminishes the ability to treat most patients. Because of this short time frame, other treatment options for stroke victims must be considered.
Low-level laser therapy (LLLT) has been investigated as an alternative treatment for stroke, and LLLT has been shown to have a neuroprotective effect, 38, 39 while regulating several biological processes. [40] [41] [42] Light can penetrate several tissues, including both the scalp and skull, and reach into the brain. Several clinical and preclinical studies have shown that this process can lead to an improved recovery from stroke. 43 In these studies, stroke was induced in rat and rabbit models and showed that intervention by tLLLT within 24 h could have meaningful beneficial effects. For the rat models, stroke was induced by permanent middle cerebral artery occlusion by insertion of a filament into the carotid artery or by craniotomy. 44, 45 Stroke induction in the rabbit models were induced by the small clot embolic model by injecting a microclot made from blood from a donor 588 THUNSHELLE AND HAMBLIN rabbit. 46 These studies along with the treatments and results are listed in Table 1 .
Three clinical trials of tLLLT have been conducted in human patients who had suffered from an acute stroke. The first study, NEST-1, enrolled 120 patients between the ages of 40-85 years with a diagnosis of ischemic stroke involving a neurological deficit that could be measured. The purpose of this first clinical trial was to demonstrate the safety and effectiveness of laser therapy for stroke within 24 h. 49 Transcranial PBM significantly improved outcome in human stroke patients, when applied at *18 h poststroke, over the entire surface of the head (20 points in the 10/20 EEG system) regardless of stroke location. 49 Only one LLLT was administered, and 5 days later, there was significantly greater improvement in the Real-but not in the Sham-treated group ( p < 0.05, NIH Stroke Severity Scale). This significantly greater improvement was still present at 90 days poststroke, where 70% of the patients treated with Real LLLT had successful outcome, while only 51% of controls did. The second clinical trial, NEST-2, enrolled 660 patients, aged 40-90 years, who were randomly assigned to one of two groups (331 to LLLT, 327 to sham). 50 Beneficial results ( p < 0.04) were
FIG. 2.
Functional mechanisms of transcranial LLLT. The gene transcription process described in Fig. 1 can lead to decreases in neuronal apoptosis and excitotoxicity, and lessening of inflammation and edema, which will help reduce progressive brain damage. Increases in angiogenesis and expression of neurotrophins leading to activation of neural progenitor cells, and increased synaptogenesis may all contribute to the brain repairing itself from damage sustained in the trauma.
FIG. 1. Molecular mechanisms of transcranial
LLLT. Light passes through the scalp and skull, where it is then absorbed by cytochrome c oxidase in the mitochondrial respiratory chain of the cortical neurons in the brain. Cell signaling and messenger molecules are upregulated as a result of stimulated mitochondrial activity, including ROS, NO, and ATP. These signaling molecules activate transcription factors, including NF-jB and AP-1, which enter the nucleus and cause transcription of a range of new gene products. AP-1, activator protein 1; ATP, adenosine triphosphate; BDNF, brain-derived neurotrophic factor; LLLT, lowlevel laser therapy; NF-jB, nuclear factor kappa B; NGF, nerve growth factor; NO, nitric oxide; ROS, reactive oxygen species.
found for the moderate and moderate-severe (but not for the severe) stroke patients, who received the Real laser protocol. [50] [51] [52] These results suggest that the overall severity of the individual stroke should be taken into consideration in future studies, and very severe patients are unlikely to recover with any kind of treatment. The last clinical trial, NEST-3, was planned for enrollment of 1000 patients. The study was prematurely terminated by the data safety monitoring board for futility-that is, on an Interim Analysis, no significant difference was observed between those receiving the real intervention versus the sham intervention. If the study had been continued, a lack of statistical significance would have been expected. 53 The parameters and results for these three clinical trials are listed in Table 2 . With the success of tLLLT for stroke has come an influx of researchers testing this technique in different animal models of TBI. Oron et al. 55 examined the effects of LLLT for TBI in mice. A weight-drop device was used to induce a closed-head injury in the mice. An 808 nm diode laser with two energy densities (1.2-2.4 J/cm 2 over 2 min of irradiation with 10 and 20 mW/cm 2 ) was delivered to the head 4 h after TBI was induced. Neurobehavioral function was assessed by the neurological severity score (NSS) with a range of 0 to 10, where the lowest number (0) reflects normal function. There was no significant difference in NSS between the power densities (10 vs. 20 mW/cm 2 ), nor was there a significant difference between the control and laser-treated group after 24 and 48 h post-TBI. However, there was a significant improvement of a 27% lower NSS in the lasertreated group after 5 days to 4 weeks. The laser-treated group also showed a smaller loss of cortical tissue than the sham group. 55 Oron et al. 56 then looked at the long-term effects of varying treatments of different therapies administered at varying time points in mice with internal (closed-head) injury. Again, a weight-drop device was used along with an 808 nm Ga-Al-As diode laser with an energy density of 1.2 J/cm 2 (power density of 10 mW/cm 2 ). Treatments were given at 4, 6, and 8 h postinjury transcranially. Laser treatments at 10 mW/cm 2 at 100 Hz and 600 Hz and continuous wave (CW) 4 h postinjury were conducted in a complementary experiment. For the laser-treated group at 6 h postinjury, the NSS was 3.4 times better (lower) than in the nonirradiated control group. For the laser-treated group at 8 h postinjury, the NSS was 1.8 times better (lower) than the control group. Both groups were evaluated on day 56. The NSS for the all three varying frequency treatments (100 Hz, 600 Hz and CW) had 3.5 times greater difference when compared to the nontreated control group. The mice receiving tLLLT with pulsed wave (PW) at 100 Hz 4 h postinjury made a full recovery (NSS of 0) by day 56. When compared to the control group, the CW and PW laser-treated groups had significant smaller lesion size in the brain. 56 Khuman et al. 12 demonstrated that tLLLT could improve cognitive function in controlled cortical impact (CCI) mice. The CCI was created by a 3 mm flat-tipped pneumatic piston moving at a velocity of 6 m/sec to a depth of 0.6 mm into the brain exposed by a craniotomy. The mice were assigned to one of two groups: either an open craniotomy laser-treated group or a transcranial laser-treated group. Within the open craniotomy group, the mice were irradiated with a low-level laser light with a wavelength of 800 nm at varying energy levels (0, 30, 60, 105, 120, and 210 J/cm 2 ) at 60-80 min post-CCI. The group treated transcranially were exposed to low-level laser light with an energy level of 60 J/cm 2 at varying timing regimens (60-80 min post-CCI, 4 h post-CCI, or once a day for 7 days after CCI). The Morris water maze (MWM) was utilized to assess cognitive function improvement, while motor function was evaluated using the wire grip test. Brain edema, lesion size, and nitrosative stress were also evaluated using a nitrotyrosine ELISA test. Mice in both groups (transcranially or open craniotomy) treated with lasers with an energy level of 60 J/cm 2 showed significant improvements in both the response time to the hidden platform and probe trial performance. An antiinflammatory effect was also noted in both groups, however, there was no significant difference found in the motor function (days 1-7), lesion size (14 days), brain edema (24 h), and nitrosative stress (24 h) between the LLLT groups and the control. 12 Quirk et al. 57 evaluated the neuroprotective effects of NIR light using an in vivo rodent model of TBI induced by CCI and characterized the changes at the behavioral and biochemical levels. Rats were divided into three different groups: a severe TBI group, a sham surgery group, and a group receiving anesthetization only. Rats in each group were then administered either with or without NIR light. They received two 670 nm LED treatments (5 min, 50 mW/ cm 2 , 15 J/cm 2 ) per day for 72 h (biochemical analysis assay) or for 10 days (behavioral assay). During the recovery period, rats were tested for locomotor and behavioral activities using a TruScan device. At the 72-h mark, frozen brain tissue was collected and evaluated for apoptotic markers and measured for reduced glutathione (GSH) levels. Significant differences between TBI with and without NIR (TBI+/-) light and between the sham surgery with and without NIR (S+/-) light were observed. In rats exposed to NIR light, there was a significant decrease in the proapoptotic marker Bax along with a smaller increase in antiapoptotic markers and GSH levels. 57 Moreira et al. 58 assessed the effects of low-level laser phototherapy following direct cortical cryogenic injury (CI) to the brain of rodents. The rats were irradiated with 780 and 600 nm lasers at energy levels of 3 and 5 J/cm 2 . This study found that laser-treated lesions had smaller tissue loss at 6 h, had significantly higher amount of viable neurons at 24 h, and had fewer leukocytes and lymphocytes in first 24 h, while the GFAP staining increased in the control group (but not the tLLLT group) by 14 days. It was concluded that LLLT facilitated wound healing in the brain following CI by controlling brain damage, preventing neuronal death, and reducing severe astrogliosis 58 
Effect of Different Laser Wavelengths in tLLLT for TBI
The following three sections will discuss and summarize studies conducted in our laboratory where we have investigated the use of LLLT to treat TBI in animal models.
Wu et al. 59 explored the effect that varying laser wavelengths of LLLT had on closed-head TBI in mice. Mice were randomly assigned to the LLLT-treated group or the sham group as a control. Closed-head injury was induced by a weight-drop apparatus. To analyze the severity of the TBI, the NSS was measured and recorded. The injured mice were then treated with varying wavelengths of laser (665, 730, 810, or 980 nm) at an energy level of 36 J/cm 2 at 4 h directed onto the scalp. The 665 and 810 nm groups showed significant improvement in NSS when compared to the control group from day 5 to 28. Results are shown in Fig. 3 . Conversely, the 730 and 980 nm groups did not show a significant improvement in NSS and these wavelengths did not produce similar beneficial effects as in the 665 and 810 nm LLLT groups. 59 The tissue chromophore CCO is proposed to be responsible for the underlying mechanism that produces the many PBM effects that are the byproduct of LLLT. CCO has absorption bands around 665 and 810 nm, while it has low absorption bands at the wavelength of 730 nm. 23 It should be noted that this particular study found that the 980 nm wavelength did not produce the positive effects as the 665 and 810 nm wavelengths did, but other previous studies did find that the 980 nm wavelength was an active one for LLLT. Wu et al. proposed these dissimilar results may be due to the variance in the energy level, irradiance, and so on between the other studies and this particular study. 59 
Effect of Pulsing tLLLT for TBI
A number of studies have investigated the best range of parameters for laser treatment (total energy delivered, irradiance, or power density) and the best wavelengths of lasers that should be used in LLLT for the treatment of TBI and other brain disorders. However, a consensus on whether treatment should be given by CW light or PW light, including the parameters for this light, has not been reached. Ando et al. 60 used the 810 nm wavelength parameters from the previous study and varied the pulse modes of the laser in a mouse model of TBI. These modes consisted of either PW laser at 10 Hz or 100 Hz or CW laser. For the mice, TBI was induced with a CCI device by open craniotomy. A single treatment with an 810 nm Ga-Al-As diode laser with a power density of 50 mW/m 2 and an energy density of 36 J/cm 2 was given by tLLLT to the closed head in mice for a duration of 12 min at 4 h post-CCI. At 48 h to 28 days post-TBI, all laser-treated groups had significant decreases in the measured NSS when compared to the control. Although all laser-treated groups had similar NSS improvement rates up to day 7, the PW 10 Hz group began to show greater improvement beyond this point as seen in Fig. 4 . On day 28, the forced swim test for depression and anxiety was used 
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and showed a significant decrease in the immobility time for the PW 10 Hz group. In the tail suspension test, which measures depression and anxiety, there was also a significant decrease in the immobility time on day 28, and (in contrast to the forced swim test) this was also seen on day 1, in the PW 10 Hz group. Both these test results indicate an antidepressant effect of tLLLT. It should be noted that severe depression is a major symptom of TBI in human patients. For the PW 10 Hz group on days 15 and 28, the lesion size in the tLLLT-treated TBI mice significantly decreased when compared to the nonlaser-treated control group. These results may suggest a neuroprotective effect of tLLLT. Overall, the beneficial effects of tLLLT for TBI, including the antidepressant effects, the degree of injury, and the neuroprotective effects, were found to be more effective with the 10 Hz PW frequency compared to both the 100 Hz frequency and the CW. Ando et al. hypothesized that the PW 10 Hz laser irradiation frequency may be the best frequency to affect the entire brain. 60 The pulsed light may have resonance with existing brain waves such as theta waves that oscillate at 4-10 Hz, found in the hippocampus (or a similar region). 62 
Effects of tLLLT Regimen for TBI
Over the whole history of all the reported LLLT studies, there has been found to exist a biphasic dose-response relationship that persists. This applies to not only cell culture studies but also to preclinical studies in animal models and clinical studies of LLLT. 63 Through many previous studies, including the ones discussed above, it is largely accepted that there is an optimal level of energy density and power density and an optimum treatment regimen that is needed to create the most beneficial effects with tLLLT. Choosing suboptimal parameters may lead to a reduction in the beneficial effects and therefore a less than effective treatment, or may even cause negative effects or adverse reactions. 40 Xuan et al. 64 studied the effectiveness of varying treatment repetition regimens of tLLLT on the neurobehavioral and vestibulomotor function and studied neuroprotection and neurogenesis by histomorphological analysis and histological evidence. They used an 810 nm laser to deliver LLLT to CCI mouse models of TBI. The mice were split into three groups and received tLLLT (CW 810 nm laser, 25 mW/cm 2 power density, 18 J/cm 2 energy density) once at 4 h post-CCI, at 3 total treatments (once a day for 3 days), or at 14 total treatments (once a day for 14 days). They found that tLLLT may have beneficial effects as a treatment of TBI when treated with a single laser treatment and to a greater degree with three laser treatments. These two groups showed significant improvement in the NSS, motion tests, and in the wire grip test. However, in the group given 14 treatments, there was no significant improvement in any area. This article also discussed that using tLLLT (once or thrice) on mice with TBI could lead to improved neural function, smaller lesion size, and could possibly protect against neuronal damage in the brain. 64 tLLLT Has More Effect on IEX Knockout Mice Mild injury to the brain can sometimes trigger secondary brain injury that can lead to severe postconcussion syndrome. The mechanism behind these series of events is not well understood. Zhang et al. 65 showed that secondary brain ) with a spot size of 0.78 cm 2 in either CW, PW 10 Hz, or PW 100 Hz modes. Results are expressed as mean -SEM **p < 0.01 and ***p < 0.001 versus the other conditions. (B) Mean areas under the NSS time curves in the two-dimensional coordinate system over the 28-day study for the four groups of mice. Results are mean -SD (n = 10). AUC, area under the curve; CCI, controlled cortical impact; CW, continuous wave; n.s., not significant; PW, pulsed wave. injury occurs to a worse degree in mice that had been genetically engineered to lack ''Immediate Early Response'' gene X-1 (IEX-1) when exposed to a gentle head impact (this injury is thought to closely resemble mild TBI in humans). This secondary injury could be characterized by widespread leukocyte infiltrates and extensive cell death that lead to large amounts of tissue loss. A similar insult in wildtype mice (mice with intact IEX-1) did not produce any secondary injury. Exposing IEX-1 knockout mice to LLLT 4 h postinjury suppressed proinflammatory cytokine expression of IL-Ib and IL-6, but upregulated TNF-a. The lack of IEX-1 decreased ATP production, but exposing the injured brain to LLLT elevated ATP production back to near normal levels. The protective effect of LLLT may be attributed to enhanced ATP production and the regulation of proinflammatory mediators. This new model of IEX knockout mice could be a good tool for investigating the pathways of secondary brain injury as well as the mechanisms behind the beneficial effects of LLLT. 65 
tLLLT in Combination with Metabolic Inhibitors
Vascular damage occurs in injured brains and frequently leads to hypoxia, a result that often explains poor results in the clinic. Dong et al. 66 found that neurons cultured under hypoxia led to high levels of glycolysis, reduced levels of ATP generation, increased formation of ROS, and increased levels of apoptosis. The adverse effects of hypoxia were almost completely reversed after treatment with LLLT. LLLT maintained the mitochondrial membrane potential, constrained cytochrome c leakage in cells succumbing to hypoxia, and protected these cells from apoptosis. The beneficial effects of LLLT were strengthened by combining the treatment with metabolic substrates such as pyruvate and/or lactate, both in vivo and in vitro. This combinatorial treatment was able to reverse memory and learning deficits in TBI-injured mice back to normal levels as well as leaving the hippocampal region completely protected from tissue loss; a stark contrast to control TBI mice that exhibited severe tissue loss from secondary brain injury. Dong et al. concluded that metabolic modulators could work in concert with LLLT to improve its beneficial effects in tissues that have low energy output, such as injured brain tissue. 66 
tLLLT Increases Neuroprogenitor Cells
Previous studies have shown that treating mice with CCIinduced TBI, with LLLT using an 810-nm laser at 4 h post-TBI, could significantly improve the NSS, while decreasing the lesion size. Xuan et al. hypothesized that tLLLT could improve performance on the MWM for learning and memory and increase neurogenesis in the hippocampus and subventricular zone (SVZ) after CCI TBI in mice. 67 TBI was created by subjecting the mice to a single right lateral CCI using a pneumatic impact device with 3 mm flat-tip rod at a speed of 4.8 m/sec with an impact depth of 2 mm. TBI mice were given one of two treatments: one laser treatment 4 h post-TBI or three daily applications (once per day). Both the 1 day and three daily laser treatment groups showed improvement in neurological performance as measured by the wire grip test and by the motion test especially at 3 and 4 weeks post-TBI. Improvements were found in visible and hidden platform latency and probe tests in MWM at 4 weeks. At 4 days post-TBI, caspase-3 expression was found at lower levels in the region of the lesion and doublestained BrdU-NeuN (neuroprogenitor cells) was increased in the dentate gyrus (DG) of the hippocampus and the SVZ. Xuan et al. suggested that tLLLT may improve TBI both by reducing cell death in the lesion and also by stimulating neurogenesis in the hippocampus and the SVZ. 67 tLLLT Increases BDNF and Synaptogenesis
Other studies have shown that applying NIR light to the head of animals with TBI improves neurological function, lessens the size of the brain lesion, reduces inflammation in the brain, and stimulates the formation of new neurons. In the study by Xuan et al., 68 they examined the expression of BDNF levels in CCI-TBI mice treated with tLLLT. CCI-TBI mice were subjected to two treatment regimens: either once 4 h post-TBI or were given three daily applications with 810 nm CW laser with an energy density of 36 J/cm 2 at a power density of 50 mW/cm 2 . The NSS improved when compared to the untreated mice on day 14 and improved further by days 21 and 28. The mice given daily treatments for 3 days showed an even greater improvement when compared to the single treatment group. After the mice were sacrificed on days 7 and 28 for analysis, it was found that BDNF was upregulated by laser treatment in the DG of the hippocampus and the SVZ, but not in the perilesional cortex (lesion). A marker of synaptogenesis, Synapsin-1, was upregulated in the lesion and the SVZ, but not in the DG. Upregulation was seen at day 28 but not at day 7. Xuan et al. found that the benefit of LLLT to the brain is partly mediated by stimulation of BDNF production, which may encourage synaptogenesis. In turn, these benefits of BDNF suggest that tLLLT may have a broader application to neurodegenerative and psychiatric disorders. 68 tLLLT in Humans with TBI Based on postmortem observations, transcranial application of NIR light can penetrate through human scalp, skull, meninges, and brain to a depth of *40 mm (808 nm laser system). 69 An estimated 2-3% of NIR laser light applied transcranially in human cadavers has also been reported at 1-2 cm depth. 70 In 2011, Naeser et al. published two clinical case reports of improved cognition in chronic TBI patients following a series of treatments with red/NIR LEDs applied transcranially. 71 In the first case study, the patient reported that her ability to concentrate on tasks for a longer period of time (time able to work at computer) increased from 20 min to 3 h, she had a better ability to remember what she read, decreased sensitivity when receiving haircuts in the spots where LLLT was applied, and improved mathematical skills after undergoing LLLT. A 500 mW CW red/NIR LED with a power density of 25.8 mW/cm 2 (area of 19.29 cm
2 ) was applied to the forehead for a typical duration of 10 min (13.3 J/cm 2 ). After applying the red/NIR LED LLLT treatment, both TBI patients reported an improvement in sleep and a better ability to control their social behavior. 71 Using red/NIR LED cluster heads, each with a power density of 22.2 mW/cm 2 (area of 22.48 cm 2 ), the second patient had statistically significant improvements compared to prior neuropsychological testing, after 9 months of nightly, selfadministered home tLED treatments. She returned to work 594 THUNSHELLE AND HAMBLIN after 4 months of the tLED treatments, whereas she had been on disability for 5 months before that time. The patient had a two standard deviation (SD) increase in tests of inhibition and inhibition accuracy (9th percentile to 63rd percentile) on the Stroop test for executive function and a one SD increase on the Wechsler Memory scale test for the logical memory test (83rd percentile to 99th percentile). 71 Both these reported case studies showed significant improvement in the patient's states of wellbeing, despite variability in a number of different areas, including time of injury (2 vs. 7 years) and cause of injury (motor vehicle accident vs. injuries resulting from rugby, sky diving, military deployment, and accidental injury).
Naeser et al. 72 conducted an open protocol study that examined whether scalp application of red and NIR light could improve cognition in patients with chronic, mild traumatic brain injury (mTBI). This study had 11 participants ranging from the age of 26 to 62 years (6 males, 5 females) who had persistent cognitive dysfunction resulting from mTBI. The participants' injuries were caused by motor vehicle accidents, sports-related events, and for one participant, IED blast injury. The tLLLT consisted of 18 sessions (Monday, Wednesday, and Friday for 6 weeks) and started from 10 months to 8 years post-TBI. A total of 11 LED clusters (5.25 cm in diameter, 500 mW, 22.2 mW/cm 2 , 13 J/cm 2 ) were applied for about 10 min per session (5 or 6 LED placements per set, Set A and then Set B, in each session). Neuropsychological testing was performed pre-LED application and 1 week, 1 month, and 2 months after the final treatment. Naeser et al. found that there was a significant positive linear trend observed for the Stroop Test for executive function, in trial 3 inhibition ( p = 0.004); Stroop, trial 4 inhibition switching ( p = 0.003); California Verbal Learning Test (CVLT)-II, total trials 1-5 ( p = 0.003); and CVLT-II, long delay free recall ( p = 0.006). Improved sleep and fewer posttraumatic stress disorder (PTSD) symptoms, if present beforehand, were observed after treatment. Participants and family members also reported better social function and a better ability to perform interpersonal and occupational activities. Although these results are significant, further placebo-controlled studies will be needed to ensure the reliability of these data. 72 Nawashiro et al. 61 quantified cerebral blood flow using single-photon emission computed tomography with Nisopropyl-p-iodoamphetamine (IMP-SPECT). In this case study, a single patient who was in a vegetative state following severe head trauma was administered 146 LED treatments over a period of 73 days with a device consisting of a grid of 23 diodes, 820 nm LED, each 13 mW, with a power density of 11.4 mW/cm 2 , an energy density of 20.5 J/cm 2 , and was held 5 mm from the head for 30 min per treatment. After giving treatments bilaterally to the forehead, a 20% increase in blood flow in the left anterior frontal lobe was observed. It was also noted that the patient showed slight movement in the left arm after treatment.
More controlled clinical studies with much larger numbers of patients will be needed to better understand factors that may affect treatment response following a series of tLLLT treatments with brain injuries of different etiologies (TBI or stroke) and different degrees of severity. Collaboration among researchers will be necessary to achieve consistency of tLLLT treatment protocols and parameters applied, as well as measurement of the effects. For example, data from sophisticated brain imaging techniques before and after a series of tLLLT treatments in a specific patient population could help with understanding brain changes that may be occur following a series of tLLLT treatments with that disorder. Some brain imaging techniques include the following: (1) structural magnetic resonance imaging (MRI) scans, which could show potential changes in cortical thickness post-tLED-for example, perhaps in the hippocampus areas, if thinning was present pre-tLLLT; (2) diffusion tensor imaging MRI to measure axonal damage in specific pathways before entry and potential changes posttLED; (3) Task-related functional MRI to measure cortical activation during tasks requiring focused attention and inhibition, including reaction times; (4) resting-state functional connectivity MRI to measure functional connectivity in the intrinsic networks of the brain; and (5) brain imaging to measure changes in regional, cerebral blood flow utilizing PET or IMP-SPECT scans. Improvements observed with these brain imaging techniques would be expected to parallel changes in behavior, such as improved executive function and verbal memory, as well as changes in mental status, including PTSD and depression. The improvements in behavior are also expected to translate into better quality of life for these patients as well as their families. Long-term tLLLT treatments may be necessary to maintain the gains made. These are all factors that require further research.
Conclusions
tLLLT has strong evidence for many beneficial effects on TBI and stroke in both animal models and human patients. Both acute stroke and acute TBI have a growing number of studies being published showing that tLLLT is an effective means of treating both. The many benefits of tLLLT are thought to be based on several different biological mechanisms. Near-infrared PBM functions by improving mitochondrial energy production by stimulating the enzyme CCO and increasing ATP synthesis. Laser therapy can result in neuroprotection and help prevent the spread of brain cell death after injury as shown by the long-term development of smaller lesion areas in mice treated with LLLT, when delivered at 4 h post-TBI. Protection against toxins, increased cellular proliferation, and reduction in apoptosis and antiinflammatory and antiedema effects may also contribute to the mechanisms that underlie the beneficial effects of PBM. The most exciting prospect is the possibility that tLLLT may stimulate both neurogenesis (the ability of the brain to repair itself) and synaptogenesis (encourage cells to form new synaptic connections). This could lead to the application of tLLLT as a treatment modality for neurodegenerative diseases such as Alzheimer's disease and Parkinson's disease. Well-funded, controlled studies are necessary.
